ABSTRACT. Molecular cloning of feline lung resistance-related protein (LRP) was performed to evaluate the relationship between its expression level and drug resistance against chemotherapeutics. The nucleotide sequence of the coding region of feline LRP cDNA was found to be 2670-bp long and to show 84.2-92.6% homology to its human, mouse, and rat counterparts. The expression level of feline LRP mRNA was relatively high in lung, jejunum, and colon. An adriamycin (ADM)-resistant feline lymphoma subline, FT-1/ADM, showed a high level of MDR1 mRNA expression compared with parental FT-1 cells. However, no relationship was observed between the drug-resistant phenotype and the LRP mRNA expression level. Although no direct contribution of LRP to the development of the drug-resistant phenotype was observed, further investigation is advisable. KEY WORDS: feline, LRP, MDR.
Veterinary clinicians in small animal practice often encounter cases exhibiting tumors. Considerable efforts have been made in the field of veterinary oncology to find cures for a number of these malignancies, and as a result, we have many therapeutic options to choose from, including surgical removal, chemotherapy, and radiation therapy. Chemotherapy, one of these options, is generally applied to hematopoietic tumors, such as lymphoma and myeloproliferative disorders, and to some solid tumors that cannot be treated with surgery or radiation therapy. However, there are still some problems in administering chemotherapy against these tumors. One of the major problems with chemotherapy is the induction of multidrug resistance (MDR) in the tumor cells. If MDR is induced, tumor cells are likely to develop a phenotype that is resistant not only to the previously-administered drug but also to other chemotherapeutics-even if they have not been used in the tumor bearing patient and do not have any functional or conformational relationship with the previously-administered drug. The concept of MDR was first proposed by Farber et al., and Kartner et al. reported that a P-glycoprotein (P-gp) with a molecular weight of approximately 170 kDa was one of the factors responsible for the induction of MDR [5, 9] . However, a number of recent reports concerning MDR have suggested that P-gp is not the only factor in the development of MDR in tumor cells [2, 4, 19] . These studies revealed that the expression of MDR-associated protein (MRP), lung resistance-related protein (LRP), drug resistance-associated protein (DRP), breast cancer resistance protein (BCRP), and adenosine triphosphate-binding cassette protein (ABCP) were also related to the development of MDR in tumor cells [1, 13, 16, 17, 19] . However, no mechanism other than the MDR gene expression responsible for development of the MDR phenotype in tumor cells has been clarified in the field of small animal veterinary practice.
LRP, one of the factors related to MDR mentioned above, was isolated by Scheper et al. in 1993 from a human small cell lung carcinoma cell line showing non-P-gp dependent MDR [19] . LRP was later shown to be a molecule identical to major vault protein and to have a function in the transportation of various substrates between the cytoplasm and the nucleus [11, 18, 20] . Most LRP is located in the cytoplasm and some is located in the nuclear membrane [22] . A correlation between the expression level of LRP and MDR in tumor cells was reported for both solid and hematopoietic tumors, and LRP seemed to induce the MDR-phenotype in tumor cells by trapping chemotherapeutic reagents in the cytoplasm and transporting them out of the nucleus [8] . Furthermore, it has been shown that LRP worked as a prognostic factor for human acute myeloid leukemia [12] . Recently, several veterinary articles focusing on the MDR1 gene that encodes P-gp have proposed a partial mechanism for the emergence of the MDR-phenotype in tumor cells [3, 14, 23] . However, the structure and function of feline LRP and its ability to induce MDR in tumor cells have yet to be investigated. Thus, we focused on LRP in the present study. Molecular cloning of feline LRP cDNA was performed and its expression levels in normal and adriamycin (ADM)-resistant feline lymphoma cell lines were measured.
First, we performed molecular cloning of feline LRP cDNA using the RT-PCR method and DNA sequencing. Total RNA was extracted from the spleen of a feline fetus using a commercially available kit (RNeasy Mini, QIAGEN, Hilden, Germany), and then cDNA was synthesized from 1 µg of total RNA using a First Strand cDNA Synthesis Kit (Amersham Biosciences, Piscataway, NJ). Oligonucleotide primers, 5'-TGGGCTTAGGAGTCAC-CATG-3' (LRP-H-F6, nt 44-63 in human LRP) and 5'-ATGCCCAGAAACTTCCATTG-3' (LRP-H-R6, nt 2775-2756 in human LRP), were designed based on conserved sequences of human, mouse, and rat LRP cDNAs [10, 24] . PCR amplification was performed under the following conditions: 1 cycle of pre-denaturation (5 min, 95°C); 30 cycles of denaturation (1 min at 95°C), annealing (1 min at 52°C), and polymerization (1 min at 72°C); and 1 cycle of complete elongation (10 min at 72°C). The amplified DNA fragment was inserted into a pCR2.1 vector (Invitrogen, Carlsbad, CA), and the nucleotide sequence of the inserted DNA fragments was determined by the dideoxy chain termination method (ABI Prism BigDye Primer Cycle Sequencing Ready Reaction Kit, Applied Biosystems, Foster City, CA). A 2730-bp long DNA fragment was obtained from RT-PCR using primers LRP-H-F6 and LRP-H-R6. Based on sequencing analysis, this DNA fragment contained a putative coding region that was 2670-bp long and that encoded 890 amino acid residues (Fig. 1 ). This feline LRP cDNA showed strong similarities in its nucleotide sequence to those of the human (89.0%), mouse (92.6%), and rat (84.2%) (Fig. 1) . Figure 2 shows the alignment of the predicted amino acid sequence of feline LRP with its human, mouse, and rat homologues. At the amino acid level, feline LRP was shown to be between 90.1 and 92.5% similar to its human, mouse, and rat counterparts. Four cystein residues were conserved at 59, 282, 515 and 572 in the LRPs of all species. Feline LRP was three amino acid residues shorter than human LRP and 29 residues longer than the mouse and rat LRPs at the C-terminus. According to structural analysis using ScanProsite (http://ca.expasy.org/prosite/), feline LRP was shown to possess N-linked glycosylation sites at amino acid residues 24-27 and 453-456, and an EF-hand motif at 131-143. The EF-hand motif is generally known as a calcium-binding domain, which suggests that feline LRP may also have such characteristics and may be involved in the transport of various drugs and substrates between the nucleus and the cytoplasm. These findings suggest that the biological properties of LRP gene products may be conserved among species.
Next, we analyzed the expression levels of LRP mRNA in normal tissue. Total RNA was extracted from the brain, heart, lung, thymus, liver, spleen, kidney, jejunum, and colon of a cat fetus. Then, cDNA was synthesized as described above. A primer pair 5'-GCCTGACTTCTTCA-CAGACG-3' (nt 1557-1576 in the sequence of feline LRP cDNA obtained in this study) and 5'-TGGGAGTTGGTG-GTGATCTC-3' (nt , was used to amplify feline LRP mRNA. Sequencing analysis confirmed proper amplification of the derived LRP DNA fragment. As an internal control, feline GAPDH cDNA was amplified using a primer pair, 5'-CTCATGACCACAGTCCATGC-3' (nt 514-533 in feline GAPDH cDNA, GenBank/EMBL/DDBJ accession number AB038241) and primer 5'-TGAGCTTGA-CAAAGTGGTCA-3' (nt 925-906). The PCR products were electrophoresed through 2.0% agarose gel and stained with ethidium bromide for visualization. The expression levels of feline LRP mRNA were evaluated by band density and compared to that of GAPDH mRNA. Graphic data from the stained gel was analyzed by computer using the NIH Image 1.62 software (NIH, Bethesda, MD) as previously reported [25] . As shown in Fig. 3 , expression of LRP mRNA was observed in a broad range of tissues. Expression of LRP mRNA was relatively high in the lung, jejunum, and colon, but was low in the brain and heart. It has been reported previously that organs and cells, such as bronchia, gastro-intestines, and keratinocytes, that are chronically exposed to high concentrations of xenobiotics show a high expression level of LRP [7] . Our results also support these findings. Therefore, it is reasonable to assume that the biological function of feline LRP is the same as in other species.
The relationship between the expression level of the LRP gene and the induction of the MDR phenotype was also evaluated using a feline lymphoma cell line, FT-1, and its ADM-resistant subline, FT-1/ADM [14] . FT-1/ADM has been shown to express the MDR1 gene, which is highly correlated with the development of the MDR phenotype. We also evaluated the expression level of the MDR1 gene in both the original FT-1 cell line and FT-1/ADM subline using a method described previously [14] . This procedure revealed that the expression level of the MDR1 gene was significantly higher in the FT-1/ADM subline (relative mRNA expression index against GAPDH, 1.99 ± 0.06 [mean ± SD]) than in the parental FT-1 cell line (0.12 ± 0.02) (p<0.01, student's t test, Fig. 4 ). In addition, a dye exclusion test confirmed that the FT-1/ADM subline used in this study survived in culture media with 400 ng/ml of ADM, while the parental FT-1 cells died in the same medium within two days (data not shown). However, the expression indices for LRP were 0.27 ± 0.02 and 0.26 ± 0.03 in the FT-1 cell line and FT-1/ADMsubline, respectively, and no significant differences were observed (p=0.74). This strongly suggests that the MDR-phenotype in the FT-1/ ADM subline was mainly induced by high expression of the MDR1 gene, and not by LRP. In other words, P-gp does play a major role in the development of the MDR-phenotype in the FT-1/ADM subline. In this study, we unexpectedly found that there was no relationship between the mRNA expression level of LRP and the phenotype of ADM resistance. However, previous reports have shown a relationship between the development of other MDR phenotypes and LRP expression in tumor cells. For instance, the drug resistant subclone of the human mammary gland adenocarcinoma cell line selected by mitoxantrone was shown to overexpress LRP, but not P-gp and MRP, suggesting that LRP is a major factor for the development of the MDR-phenotype [6] . Overexpression of LRP has also been observed in various other tumor cells showing P-gp-independent MDR phenotypes, such as lung cancer, fibrosarcoma, breast cancer, and melanoma [19] . Furthermore, a human myeloma cell line in which MDR1 and LRP were coexpressed was reported to reveal enhanced MDR characteristics compared to parental cells [21] . This finding may mean that LRP exerts synergistic and/or additive effects in the development of the MDR-phenotype in tumor cells. While many reports of this kind, indicating the contribution of LRP to MDR, have been published, the absence of a relationship between LRP expression and the MDR-phenotype in human breast cancer has also been reported [15] . As described above, there are still inconsistencies in the observed relationships between LRP and the development of the MDR-phenotype. LRP expression might be dependent on the type of cell and/or the type of drugs used. Therefore, further investigations are necessary to determine the contribution of LRP to the development of MDR-phenotype in tumor cells by making use of a range of different types of cell lines and clinical tumor samples. In this study, we determined the nucleotide and putative amino acid sequences of feline LRP with the aim of investigating its possible importance in the emergence of the acquired MDR-phenotype. Although we did not find any evidence of a relationship between ADM resistance and LRP gene expression level in the feline cell line, the role of LRP in relation to MDR might become clearer in the field of small animal practice if we were to evaluate LRP expression levels in a range of tumor cases that have undergone chemotherapy and exhibited MDR. This work was supported by grants from the Japan Society for the Promotion of Science. 
